Fertilization and embryo development following intracytoplasmic injection of round spermatids collected from hybrid sterile mice (BALB/c) were investigated. The rates of oocyte activation, blastocyst formation and development into live offspring were compared with those after intracytoplasmic injection of round spermatids from fertile mice (B6D2F1). The injection of oocytes with round spermatids from hybrid sterile or sterile males resulted in similar rates of normal fertilization and embryo development. The rates of development to term of 2-cell embryos were also similar, regardless of the origin of the round spermatids injected. This finding suggested that round spermatids from hybrid sterile mice have the ability to fertilize normally and to allow normal embryo development.
Introduction
Intracytoplasmic sperm injection (ICSI) has become increasingly popular in human in-vitro fertilization (IVF) clinics for treating severe male infertility because of the resultant high pregnancy rate (Palermo et al., 1992) . However, patients with non-obstructive azoospermia due to defects of spermatogenesis were considered to be irreversibly excluded from the reproduction process. Thus, a new approach to the treatment of these patients is warranted.
Recently, Ogura et al. (1994) and Kimura and Yanagimachi (1995b) reported that the nuclei of round spermatids from the mouse can initiate normal embryo development when injected into mature oocytes, and that the mice born were normal. In addition, round spermatids from both cryptorchid and previously cryptorchid testes can initiate normal embryo development when injected into mature oocytes (Sasagawa and Yanagimachi, 1997) . In these experiments, however, spermatids were collected from a normal fertile mouse strain. Genetic defects are responsible for a variety of clinical presentations of human infertility, including gonadotrophin-releasing hormone deficiency, spermatogenic failure and obstructive azoospermia (Foresta et al., 1997; Kremer et al., 1997; Mulhall et al., 1997) . It is very important to know whether the injection of round spermatids from sterile mouse strains into oocytes can initiate normal embryo development. The BALB/c mouse is a hybrid sterile strain in which 44-73% of mature spermatozoa have deformed heads originating from genetic aberration (Krzanowska, 1981; Pogany and Balhorn, 1992) . In the present study, we show that round spermatids from the BALB/c mouse can initiate normal embryo development.
Materials and methods

Animals
Round spermatids were collected from BALB/cAnNCr and B6D2F1 (hybrid) mice. B6D2F1 mice were used as oocyte donors. Swiss albino mice were used as the recipients of zygotes. All mice were purchased from Clea Japan Inc. (Tokyo, Japan) and maintained under controlled lighting conditions (14 h light:10 h dark) and temperature (24°C). The animals were used after an acclimatization period of at least 2 weeks.
Preparation of oocytes
Mature female mice (B6D2F1, aged 8-12 weeks) were each injected with 7.5-10 IU pregnant mare's serum gonadotrophin followed by injection of 7.5-10 IU human chorionic gonadotrophin (HCG) 48 h later. Oocytes were collected from oviducts about 16 h after HCG injection and freed from the cumulus cells by treatment for 3-5 min with 0.1% bovine testicular hyaluronidase (300 units/mg; ICN Biochemicals, Costa Mesa, CA, USA) in HEPES-CZB medium (Chatot, Ziamok and Barister; see Chatot et al., 1990) . The oocytes were rinsed and kept in CZB medium for up to 2.5 h at 37°C under 5% CO 2 in air.
Collection of round spermatids from testes
Testes were isolated from mature male mice (BALB/c and B6D2F1, aged 8-12 weeks). After removal of the tunica, seminiferous tubules were placed in 1 ml of cold (4-10°C) HEPES-CZB medium and cut into small pieces. One part of the suspension containing the fragmented seminiferous tubules was mixed with one part of cold (4-10°C) HEPES-CZB medium containing 12% (w/v) polyvinylpyrrolidone (PVP, mol. wt 360 000; ICN Biochemicals). Repeated flushing with a pipette released many spermatogenic cells and spermatozoa from the tubular fragments. The final suspension contained spermatozoa as well as spermatogenic cells at various stages of development. One droplet (about 3 µl) of this suspension was placed on a plastic Petri dish, covered with mineral oil (Squibb & Sons, Princeton, NJ, USA) and kept for up to 3 h at 16-17°C. Viable round spermatids were easily recognized by their small size and centrally located chromatin mass (Ogura and Yanagimachi, 1993) . When a single spermatid (about 10 µm diameter) was sucked into an injection pipette (5 µm internal diameter at its tip), its smooth cell surface gradually became rough in most instances. It was possible that the delicate plasma membrane of the spermatid was damaged by the sharp edge of the pipette tip and/or friction against its inner wall. In this experiment, a single spermatid was repeatedly drawn in and out of an injection pipette (4 µm internal diameter) and the spermatid nucleus became almost completely separated from the cytoplasm. A contralateral testis was fixed in Bouin's solution for routine histological examination.
Injection of round spermatid nuclei into mature oocytes and transfer of zygotes to foster mothers Cumulus-free oocytes in HEPES-CZB medium were activated by electric stimulation (1.0 kV/cm, 128 µs). About 1 h later, activated oocytes at the telophase of the second meiotic division were injected individually with the nucleus of a single spermatid (Kimura and Yanagimachi, 1995b) . Injected oocytes were cultured for 5-6 h in CZB medium and examined. An oocyte with two large pronuclei (PN) and a single second polar body (Pb 2 ) (2PN ϩ 1Pb 2 ) was indicative of normal fertilization. Aberrantly fertilized eggs (1PN ϩ 1Pb 2 or 1-3PN ϩ 0Pb 2 ) and the eggs showing signs of degeneration were eliminated. Normally fertilized eggs were cultured continuously in CZB medium for up to 120 h after spermatid injection. Some 2-cell zygotes arising from normal fertilized eggs were selected at random and transferred into oviducts of naturally mated recipient females (Swiss-Webster, albino) as described previously (Kimura and Yanagimachi, 1995a) . Mothers were allowed to deliver and raise their own offspring as well as the foster offspring. The offspring in each litter were counted within 1-2 days after birth and sexed several days later.
Results
In BALB/c mice, seminiferous epithelia consisted of round spermatids with normal appearance as observed in B6D2F1 mice ( Figure 1A and B). However, spermatozoa with abnormal heads were frequently found in seminiferous epithelia of BALB/c mice ( Figure 1B) . Table I summarizes the results of fertilization and development of oocytes injected with round spermatid nuclei collected from BALB/c or B6D2F1 strains of mice. The activation rates for oocytes injected with spermatids from BALB/c and B6D2F1 mice were 82.6% and 81.2%, respectively. There was no significant difference in activation rate between these groups. Similarly, there was no considerable difference in development to the blastocyst stage between oocytes injected with spermatids from BALB/c and B6D2F1 mice. The development rates of zygotes (2-cell embryos) to term did not differ significantly between these two groups of oocytes (Table II) .
Discussion
The hybrid sterility gene located on mouse chromosome 17 provides an important mammalian model for the initial phase of species divergence (Forejt, 1981) . Alleles of the hybrid sterility gene are designated as Hst-1 s and Hst-1 f for laboratory mice or Hst ws and Hst wf for wild mice (Forejt and Ivanyi, 1975) . The interaction between specific alleles at the Hst locus arrests spermatogenesis at specific steps. BALB/c mice are homozygous for the Hst-1 s allele (Forejt, 1981) . In this strain, 44-73% of mature spermatozoa have deformed heads (Krzanowska, 1981; Pogany and Balhorn, 1992) . When such spermatozoa from BALB/c mice were injected individually into mature oocytes of B6D2F1 mice, 80-90% of the oocytes were activated and developed into blastocysts in vitro (Burruel et al., 1996) . In addition, spermatozoa with deformed heads from BALB/c mice can produce live offspring (Burruel et al., 1996) , which indicates that spermatozoa with deformed heads carry all the genome and organelles necessary for normal embryonic development. Ogura et al. (1994) first reported that the nuclei of mouse round spermatids can initiate normal embryo development when mature oocytes were electrofused with spermatids and that the mice born were normal. Kimura and Yanagimachi (1995a) successfully performed intracytoplasmic injection of round spermatid nuclei using a piezo-driven micropipette.
Using this procedure, the incidence of normal fertilization is improved dramatically. Recently, Sasagawa and Yanagimachi (1997) reported that mouse round spermatids collected from cryptorchid testes, as well as those collected from the testes after reversal operations, can be used as substitutes for mature Round spermatid transfer from sterile mice There were no significant differences in results for the two strains of mice (χ 2 test). There were no significant differences in results for the two strains of mice (χ 2 test). M ϭ male; F ϭ female.
spermatozoa to produce normal offspring. Sofikitis et al. (1997) showed that the rabbit round spermatid develops fertilizing potential after the stage at which the coalescence of the acrosomal granules occurs. In the present study, the incidence of normal fertilization and embryo development after intracytoplasmic injection of spermatids from hybrid sterile mice was not significantly different from those after the injection of spermatids from fertile mice. Moreover, the rate of the development of 2-cell embryos to term did not differ between hybrid sterile and fertile mice. These facts indicate that round spermatid nuclei from hybrid sterile mice already have the ability to fertilize normally and to allow normal embryo development. Therefore, this technique may be applied to overcome infertility of other strains of mice, especially those with functional sperm defects or spermatogenesis arrest. In humans, Sofikitis et al. (1995) first attempted intracytoplasmic injection of round spermatid nuclei for the treatment of non-obstructive azoospermic men. Apparently, four of 93 patients having embryo transfer conceived, but all miscarried spontaneously (Hannay, 1995) . Tesarik et al. (1998) recovered round spermatids from the semen of men with unexplained azoospermia and injected them into mature oocytes. One healthy baby was born by Caesarean section at 39 weeks of gestation. According to Fishel et al. (1997) , the fertilization rate is not different between round and elongated spermatids. Furthermore, frozen-thawed round spermatids maintain their integrity, viability and the potential capacity to achieve fertilization and embryo development (Antinori et al., 1997) . However, in no case were round spermatids found in the absence of elongated spermatozoa, and maturation arrest was always found to result from failure of progression beyond meiosis (Silber and Johnson, 1998) . Thus, the use of testicular sperm extraction (TESE)-intracytoplasmic sperm injection (ICSI) to achieve pregnancies in azoospermic males with deficient spermatogenesis is more concerned with finding a tiny focus of spermatozoa, rather than searching for round spermatids.
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Round spermatid injection can provide acceptable rates in men in whom the production of at least a tiny number of spermatozoa has been previously detected (Tesarik et al., 1998) . Thus, spermatid injection can be better considered as an option in cases of unexpected absence of spermatozoa.
Chromosomal analyses on offspring conceived after ICSI show mixed results. In't Veld et al. (1995) reported an elevated rate of sex chromosomal abnormalities in selected ICSI patients, while Liebaers et al. (1995) found a 1% incidence of chromosomal abnormalities in karyotypes of ICSI pregnancies. Recently, Wennerholm et al. (1996) reported no chromosomal abnormalities in 58 amniocenteses from ICSI pregnancies. In males with sex chromosome aneuploidy such as 47,XXY and 47,XYY, germ cells are able to complete the meiotic process by producing mature spermatozoa (Martini et al., 1996; Bourne et al., 1997) . Therefore, ICSI using these spermatozoa can achieve normal fertilization and result in the delivery of healthy infants (Palermo et al., 1998) . According to Chandley and Cooke (1994) , however, some chromosomally normal males have their fertility disturbed by the loss of Y chromosome genes which are vital in spermatogenic control. Deletions of specific sequences on the long arm of the Y chromosome (Yq) appear to characterize 10-15% of all severely oligo-and azoospermic 46,XY individuals (Ma et al., 1993; Reijo et al., 1995) . Since these deletions are likely to be among those individuals selected for ICSI, there is an obvious risk for any male child so conceived, of inheriting the defective Y chromosome from his father, and the phenotype of infertility associated with it. The present study calls our attention to the fact that intracytoplasmic injection of round spermatids may increase the risk of transmission of gene mutations. Therefore, round spermatid nuclei injection into mature oocytes should not be initiated in a man with severe male infertility until he and his partner have received rigorous genetic counselling about the consequences for their offspring. It is incumbent on clinicians who are involved in reproductive medicine to proceed cautiously with the development and application of assisted reproductive techniques in order to avoid creating future generations of genetically abnormal individuals.
